This study proposes a parametric design and optimization technique for alloy wheels based on a dynamic cornering fatigue test. A case study of 13-inch diameter alloy wheels was considered based on the standard dynamic cornering test. The effect of the width and thickness of the wheel rim on the principal stress and fatigue life based on minimizing the weight is described for each scenario. A total of twenty-seven design of experiment are created and expanded in response surface and sensitivity analysis using Finite Element Analysis (FEA) software. The geometric parameter of alloy wheel reveal the surface response to principal stress and fatigue life. The rim width significantly displayed higher sensitivity than the thickness of allow wheel. The conclusion can be draw that the magnitude of maximum principal stress should not exceed as 145 MPa for passed the standard fatigue life of 100,000 cycles. The advantage of this parametric optimization technique is that it allows for an improved shape and size design process for alloy wheels.
Introduction
Automobile parts are continuously designed and developed to satisfy customer requirements in quality, comfort, reliability, safety and life cycle. To meet standards, improvements have to undergo experimental design and product analysis. Currently, computer simulation is widely used for the improvement and development of automotive components, as well as to save time (1) .
According manufacturing process, they start from styling design department to design topology of wheel, the process developing safe, fuel efficient and lightweight to meet governmental regulations and industry standards. To meet these regulations and conditions, determination of the mechanical behavior of the wheel is important. However, testing and inspection of the wheel during the production process is time consuming and costly. For these reasons, it is important to reduce the development time and testing phase of a new model wheel. As stress analysis of the wheel involves complicated geometry, Finite Element Analysis (FEA) is generally used in the design stage of production development to inspect the mechanical performance of wheel. FEA simulation of the wheel tests can significantly reduce the time and cost required to finish the wheel design.
Wheels are one of the main components of a car which are adjacent to tires and support vehicle loads. Lightweight alloy wheels significantly differ from normal steel wheels because in that they are specifically designed for the improvement of steering, speed and fuel consumption. Generally, a passenger car wheel must undergo three standard tests before going to production: (1) the dynamic cornering fatigue test; (2) the dynamic radial fatigue test; and (3) the impact test. Various kinds of alloy wheel take a long time for fatigue destructive testing and the cost is high. Doing engineering analysis before testing therefore becomes important to reduce cost and get a fatigue life cycle estimate before testing (2) There has been some research paying special attention to fatigue prediction and weight reduction in aluminum alloy wheels. Liangmo Wang et al., (3) studied the effect of fatigue strength under static load conditions for various shapes of alloy wheel using a commercial finite element analysis package. The results of this research suggested that a modified shape lead to a stress reduction in the alloy wheel and an increase in the fatigue life. The use of a computer successfully aided to help in the analysis in order to reduce the cost and shorten development time. B. anusha et al., (4) presented results of a strength analysis for a four wheeler using four different wheel shapes consisting of straight, inclined, y-shape and honey comp-shape. The study analyzed the model with variables including different materials and different load. Yeh Liang Hsu and Ming Sho Hsu (5) emphasized weight reduction in a disc type wheel. This study used a sequential neural network approximation method to evaluate the discrete-variable engineering optimization. The algorithm searched for the optimal point in the feasible domain fatigue constraints. From these studies, the parametric variable was necessary to find the optimal geometric design of the alloy wheel.
In this study, parametric design and optimization was performed under dynamic cornering fatigue constraints included the objective of minimize weight. FE models of aluminum alloy wheels were constructed to analyze the wheel behavior based on the standard dynamic cornering fatigue test. Based on Goodman's fatigue criterion, the analysis was used to predict the fatigue life of the wheel, as well as the response surface sensitivity.
Dynamic Cornering Fatigue Analysis
The dynamic cornering fatigue test simulates the load condition of a wheel during a turn while driving. Fig.1 shows a typical set-up loading method for evaluating cornering fatigue, according to JWL (6) . In Fig. 1 , the downside flange of the rim is clamped for the test, and a load arm shaft is attached to the mounting surface of the wheel. A test load applies a constant cyclical rotation bending on the arm shaft end. The test will be passed if at least 1.0x10 5 rotations occur without a crack failure in the wheel. The bending moment of testing can be calculated from eq.1. Fig. 1 Contour setup of dynamic cornering fatigue testing machine.
Where S is the safety factor, Fv is the maximum load that wheel can support (N), µ is the friction coefficient between the tire and road is equal to 0.7, rdyn is the maximum rotation radius that tire act on wheel (m), d is the offset distance from the center alignment of wheel (m).
Material properties and FE modeling

Material Properties
In alloy wheel industries, Alloy A356 is usually used, which has different chemical ingredients depending on each producer. The particular ingredients used in this research are shown in Table 1 Material properties of the wheel were tested using a tensile test on a standard test piece by using a universal testing machine and collecting data from the test piece. The calculated average values for these properties are shown in Table 2 . The standard test piece was further tested under a fatigue resistance test, and the testing data collected in order to find a relationship between the stress and life cycle (S-N curve) for input to dynamic cornering fatigue model. The results of this test are shown in Figure 2 .
Finite element modeling
The finite element modeling and analysis was carried out using ANSYS. The meshing focussed on the spoke and Mounting surface, having a smaller element size in these regions than on the rim, with an element size of 5 mm. Both regions affect the stress, which in turn affects the fatigue life time. A tetrahedron grid with refinements in the curved area was used, as shown in Fig. 3 . A spacer with a thickness of 50 mm was used to replace the shaft in order to reduce the number of elements and save time in the analysis. The analysis used boundary conditions and bending moments similar to the cornering fatigue test. The static results used to compute the fatigue analysis and display the results are presented in the next section.
Boundary condition
In the dynamic cornering fatigue test simulation, the downside outboard flange of rim of the wheel was clamped securely to the test device, and a rigid load arm shaft was attached to the mounting surface of the wheel, as shown in Figure 1 . A test load was applied to the arm shaft to provide a constant cyclical rotation bending moment.
Finite element modeling requires us to specify the boundary conditions and load, which were set similar to Dynamic Cornering Fatigue test, with a fixed support at the flange rim. The dynamic cyclical load was represented by 24 discrete loads, 15˚ apart like the cycle load shown in fig.4 . The simulation perform load at 0 degree, by the remote force to apply from back surface of spacer to point B. For each node, the maximum and minimum principal stress during the load cycle were extracted to determine the mean stress σm and amplitude stress σa of node, as defined below :
Several different criteria are commonly used in predicting fatigue failure. In this study, Goodman's criteria was used, which can be written as :
S n S n (4)
Where Se is the endurance limit, Su is ultimate strength of the material, and n is the design factor 
Parametric optimization
Design of experiment (DOE) is a technique originally developed for model fitting with experimental data. In design optimization, DOE can be used to fit the simulated response data to mathematical equations. These equations, also referred to as response surface equations, serve as models to predict the response for any combination of design variable values (8) . An example is shown in Fig. 5 .
The design experiment to find the optimal parameter to improve the geometry used face-central composite designs (CCDs), also known as Box-Wilson (9,10) designs, These are appropriate for calibrating full quadratic models.
For wheels that are predicted to pass the cornering fatigue test, the parameters that need to be considered are thickness (t) and width (W) of the spoke alloy wheel. It then becomes a structural optimization problem: to minimize the weight of wheel, subject to geometry and fatigue constraints of more than 1x10 5 cycles, and a constrained maximum principal stress less than or equal to 150 MPa. This problem can be formulated as follows:
where x is the design variable, such as the thickness and width of spoke wheel; and ge(x) are constraints of fatigue and principal stress. The model will be 3 prototypes at the fillet at the end of the rod spoke wheel of radius(R) 10, 12.5 and 15 respectively. In each prototype has 9 scenario, shown in fig.  6 . 
Results and discussion
In this study, the results of static structural and fatigue analysis of alloy wheels with different thickness and width of spoke alloy wheel were investigated for a total of 3 prototypes. In the analysis, maximum principal stress theory was used to compute for support usability all prototypes of alloy wheel. Fig. 7 graphically displays the relationship between maximum principal stress in each scenario. The maximum principal stress in each case occurs at a different value, but the area that the maximum stress occurs at is in the same location, as shown in fig 10. In design point no. 4 for each prototype (R10, R12.5, R15), it was found that the value of the maximum principal stress is 149.29, 147.5 and 145.29 MPa in prototype 1 (R10), 2(R12.5) and 3(R15) respectively.
In design points five to nine, the parameter modified was the thickness, which was decreased with increasing design number. It was found that the maximum principal stress increased with decreasing thickness.
The effect of the parameter changes in the scenarios on the fatigue life and weight, shown in fig. 8 and 9 . In the fatigue analysis, only the design point 4 of prototype 3(R15) passed the cornering fatigue test, with the life of wheel being 1. The results can be used in the Design of Experiments by fitting them to a response surface, which can quickly provide the approximated values of the output parameters. Fig. 12 displays response surfaces for the principal stress, fatigue life and weight reduction of design point 4 of the prototype 3(R15). Fig. 12a shows the relationship between the width, thickness and principal stress, and is a parabolic surface. The y axis of graph is the parameter of the width, and the x axis is the parameter of the thickness. If the parameter of x axis is increased the value affect to thickness of the spokes wheel will be reduced. Finally, the z axis is the principal stress. It was found that when the thickness increases affect to principal stress have high value of any parameter width, After that principal stress reduce when parameter thickness decrease. The thickness and width parameter over which the optimal value of the principal stress does not exceed 150 MPA is approximately 60.5-61mm and 18mm respectively. Fig . 12b shows the relationship between the width, thickness and fatigue life. The thickness and width parameters giving the optimal value for fatigue life are over a similar range with the principal stress. Out of this range the fatigue life is reduced significantly. Fig. 12c shows the impact that changing the width and thickness has on the weight. The thickness and width parameter that provide an optimal value for weight is similar both response surface before. However, the optimum range is out of the parameter range for which the model will pass cornering fatigue test. Fig. 13 shows the relationship between sensitivity and the results of the principal stress, fatigue life and weight analysis of prototype 3. It was found that the thickness parameter affects the results of principal stress and weight more greatly than the width parameter, but for the weight the sensitivity of both parameters does not significantly differ. In fatigue sensitivity, the parameter width affects the life of the fatigue greater than the parameter thickness, if the width parameter increasing to pass the cornering fatigue test will affect the weight is extremely high. 
Conclusions
This study has presented a technique of parametric design and optimization of alloy wheels under the cornering fatigue test condition. The maximum principal stress and fatigue life were considered as the constrained parameters based on main objective of minimizing weight. The geometric parameters of width and thickness of the wheel rim were analyzed to determine the sensitivity of response. The design of experiment based on face-central composite criteria using finite element analysis software were analyzed.
The results revealed that the alloy wheel rim was the critical area, displaying high damage stress distribution under the cornering fatigue test. For the response analysis, the rim width significantly displayed higher sensitivity than the thickness of the allow wheel. The magnitude of principal stress should not exceed of 145 MPa based on the standard fatigue life of 100,000 cycles. The parametric design could improve the optimal shape and size of alloy wheel for meet the standard of dynamic cornering fatigue test. 
